Abstract Sixteen surface sediment samples were collected from Nansi Lake to analyze geochemical speciation of heavy metals including Cd, As, Pb, Cr, and Zn, assess their pollution level, and determine the spatial distribution of the non-residual fraction. Results showed that Cd had higher concentrations in water-soluble and exchangeable fractions. As and Pb were mainly observed as humic acid and reducible fractions among the non-residual fractions, while Cr and Zn were mostly locked up in a residual fraction. The mean pollution index (P i ) values revealed that the lower lake generally had a higher enrichment degree than the upper lake. Cd (2.73) and As (2.05) were in moderate level of pollution, while the pollution of Pb (1.80), Cr (1.27), and Zn (1.02) appeared at low-level pollution. The calculated pollution load index (PLI) suggested the upper lake suffered from borderline moderate pollution, while the lower lake showed moderate to heavy pollution. Spatial principle component analysis showed that the first principal component (PC1) including Cd, As, and Pb could explain 56.18 % of the non-residual fraction. High values of PC1 were observed mostly in the southern part of Weishan Lake, which indicated greater bioavailability and toxicity of Cd, As, and Pb in this area.
Introduction
The study of sediments plays an important role in providing proof of contamination, because sediments act as both a carrier and a possible source of contaminants in aquatic systems (Chen et al. 2008) . Heavy metal contamination has attracted a great deal of attentions because of its toxicity, abundance, and persistence in the environment. An evaluation of the total heavy metal load following a strong acid digestion of the sediments may be useful as a global index of contamination, but it provides little indication of their bioavailability, mobility, and reactivity in sediments (Shrivastava and Banerjee 2004; Varol 2011) . The sequential extraction technique is recognized as a useful method for gaining information on the manner of toxicity, bioavailability, and mobilization of heavy metals despite its poor selectivity (Feng et al. 2009; Karbassi et al. 2006) . The toxicity of metals depends especially on their geochemical speciation rather than their total content (Liu et al. 2008) . Therefore, the fractionation of heavy metals must be considered when investigating heavy metal contamination.
In recent decades, Nansi Lake and its tributaries have been contaminated by the untreated effluents from industrial and municipal activities, runoff from mining sites and agricultural lands, and deposition of air pollutants (Wang et al. 2012) . Therefore, the present study was conducted to meet the following objectives: (i) to analyze geochemical speciation of heavy metals in surface sediments of Nansi Lake; (ii) to analyze the level of heavy metal pollution in surface sediments using pollution index (P i ) and pollution load index (PLI); and (iii) to explore the spatial distribution of the non-residual fraction of studied heavy metals using principal component analysis.
Materials and methods

Study area
Nansi Lake (34°27′-35°20′ N, 116°34′-117°21′ E), a large freshwater lake and part of important storage and regulation works of the South-to-North Water Diversion Project (east route), lies in the southwestern part of Shandong Province, China. The entire catchment area covers 30.4×10 3 km 2 with a surface area of 1.2× 10 3 km 2 , and the average depth is 1.46 m. Nansi Lake is connected with the sublakes of Nanyang, Dushan, Zhaoyang, and Weishan from north to south. After the construction of a dam located in the middle of Zhaoyang sublake in 1960, Nansi Lake was divided into an upper lake (northern part) and a lower lake (southern part) (Fig. 1) . Three major urban settlements, Jining, Zaozhuang, and Heze, with populations of about 3.65, 7.97, and 8.19 million, respectively, form part of the Nansi Lake catchment. The eastern part of Weishan sublake lies close to National Highway 104, Jingtai Expressway, and Jing-Hu Railway.
Sediments sampling
Sixteen samples were collected ( Fig. 1 ) from surface sediments (0-5 cm) of Nansi Lake in June 2012 using a gravity corer. Sites 1, 2, 3, 4, 5, 6 and 7 were in the lower lake, and others were in the upper lake. Then, the samples were sealed in plastic bags and taken to the laboratory. These samples were air-dried at room temperature (25-28°C), stones or other debris were removed, and then the samples were passed through a 2-mm polyethylene sieve. Portions of all samples (about Fig. 1 Location of sampling sites in Nansi Lake. A, Nanyang sublake; B, Dushan sublake; C, Zhaoyang sublake; D, Weishan sublake 50 g) were ground in an agate grinder and sieved through a 0.149-mm mesh prior to chemical analysis.
Analytical methods
Total concentration of heavy metals
Subsamples of about 0.25 g were digested in Teflon vessels with a HNO 3 -HF-HClO 4 mixture in a microwave oven. Then, after the sample solutions were filtered, the volume was adjusted to 25 ml with double deionized water. The total concentrations of As were analyzed by an atomic fluorescence spectrometry (AFS, AFS-230E, Beijing, China), whereas SiO 2 and Cr were measured by graphite furnace atomic absorption spectrometry (GF-AAS, M6, Thermo Elemental, Franklin, MA, USA), and the total concentrations of Cd, Zn, and Pb were measured by X-ray fluorescence spectrometry (XRF, ADVANT'XP, ARL, Switzerland). The major element Si was expressed as percent (%) of metal oxides (SiO 2 ), while Cr, As, Pb, Zn, and Cd were expressed as milligrams per kilogram ( 
Fractionation of heavy metals
The seven-step extraction procedure recommended by Specification of Multi-purpose Regional Geochemical Survey (DD2005-03; CGS, 2005) was used to determine the fractionation of metals (Cd, As, Pb, Cr, and Zn). Seven operationally defined fractions were determined for each metal: water soluble (F1), exchangeable fraction (F2), fraction bound to carbonate (F3), humic acid fraction (F4), reducible fraction (F5), strongly organic fraction (F6), and residual fraction (F7). All data reported are averaged values of three replicates. The sum of F1, F2, F3, F4, F5, and F6 of a specific heavy metal is called the non-residual fraction. Of those, the sum of F1 and F2 is often considered the direct hazardous fraction because these fractions are easily absorbed by organisms and have strong mobility and reactivity in the environment (Kabala and Singh 2001; Waterlot et al. 2013; Zhong et al. 2011) . The sum of F3, F4, F5, and F6 represents a potentially hazardous fraction under specific pH and redox conditions, and in that case, the metals will be soluble and can be absorbed by aquatic plants or ingested by animals causing environmental toxicity, creating a potential hazardous condition in the environment. The F7 fraction is held in the crystal lattice state of original mineral, so it is identified as the Binactive^fraction. Mostly, the F7 fraction is unavailable to either plants or microorganisms and presents no hazards to organisms (He et al. 2005; Ma and Rao 1997 ).
An internal check was performed on the results of the sequential extraction by comparing the total amount of metals extracted by different reagents during the sequential extraction procedure with the results of the total digestion (Yuan et al. 2004) . The recovery of the sequential extraction was calculated using Eq. (1):
Results indicated that the sum of the seven fractions is in good agreement with the total digestion results, with the satisfactory recovery rates (86.1-93.2 %).
Assessment of heavy metal pollution level
To assess the pollution level of heavy metals in the surface sediments, a pollution index (P i ) of each metal and pollution load index (PLI) of the studied metals were applied. The P i , which is the ratio of heavy metal content in contaminated sediments to the content in uncontaminated sediments, provides a rapid and practical method that can be used to assess the pollution level:
The P i of each metal was classified as non-pollution (P i <1) or as having a low (1<P i <2), moderate (2<P i < 3), or high (3<P i ) level of pollution (Yu et al. 2004) .
For the entire sampling sites, pollution load index (PLI) has been determined as the n th root of the product of P i (Tomlinson et al. 1980 ) using Eq (3):
This PLI provides a simple, comparative means for assessing the level of heavy metal pollution, and the pollution load was then classified as no (PLI<1), moderate (1< PLI< 2), heavy (2< PLI< 3), or extremely heavy (3<PLI) pollution.
Statistical and spatial analyses
Descriptive statistics and principal component analysis (PCA) were performed using SPSS v.16.0 (SPSS Inc., Chicago, USA). The heavy metal content was standardized through Z-scale transformation (whose mean and variance were set to zero and one, respectively) to avoid misclassification due to wide differences in data dimensionality (Varol 2011; Varol and Şen 2009) . Moreover, prior to conducting PCA, Kaiser-Meyer-Olkin (KMO) and Bartlett's sphericity tests were used to examine its validity (Zhou et al. 2007 ). Results of Kaiser-MeyerOlkin (KMO=0.701) and Bartlett's sphericity tests (P<0.05) indicated that heavy metal concentrations in surface sediments from Nansi Lake were suitable for PCA. In this study, all principal factors extracted from the variables explained 83.64 % of the data variance. For the analysis of spatial variation, interpolation mapping was performed using the Ordinary Kriging method and ArcGIS 9.3 software (Environmental Systems Research Institute Inc., Redlands, CA, USA).
Results and discussion
Fractionation and bioavailability of heavy metals
The fractions estimated by the extraction method used in this study were represented as percentages of the total concentration in sediments (per portion) (Fig. 2a-e) .
The fractionation results showed that Cd had the greatest F1 and F2 fractions of the studied heavy metals (Fig. 2a) . It indicated that Cd had stronger mobility and reactivity in the surroundings than the other studied metals, and Cd may exert a direct hazard and threaten the lake's organisms. The highest F1 and F2 fractions for Cd appeared at sampling sites 9 and 15. It is probably because the Jiehe River received agricultural runoff which contained large amounts of phosphate fertilizers (Godt et al. 2006 ) and then flowed into Nansi Lake near site 15. Jiehe River flows through Jiehe County which is well known as China's largest potato planting area. Large numbers of phosphate fertilizers are applied during agricultural activities and most probably contain Cd. Cd also had the greatest F3 fraction per portion (20.94 %) in the non-residual fractions, which indicated that an appreciable percentage of Cd would be likely to remobilize and become readily available if the pH was lowered slightly (Jain 2004 ). The highest F3 fraction per portion for Cd occurred at sampling sites 7 and 10, which are close to the farmlands, aquiculture areas, and inflow areas of tributaries.
As and Pb were in a group with a large proportion of the non-residual concentration present in the F4, F5, and F6 fractions (Fig. 2b, d ). Negligible amounts of Pb and As were found in the F1 and F2 fractions compared to the total content, which reflected low mobility of these metals (Kabala and Singh 2001) . The dominant proportion of As was found in the humic acid and reducible fractions among the non-residual fractions. This may be the result of their great abundance, specific surface area, and stronger binding affinity (Wang et al. 2012) . A dominant proportion of Pb was found in the F5 fraction, in which Pb existed as oxides and may be released if the sediment was subjected to stronger reducing conditions (Panda et al. 1995) . It indicated that As and Pb could become toxic in the environment and pose a potential environmental hazard, when the right pH and redox conditions were favorable. The highest F4 and F5 fractions for As occurred at sampling sites 2 and 9, while the highest F5 fraction for Pb appeared at sampling sites 3, 4, 6, and 11. The non-residual fraction content of As and Pb were mainly higher than their background values in the lower lake (Fig. 2) , which indicated the presence of anthropogenic inputs.
Cr and Zn mainly existed in the residual fraction (Fig. 2c, e, respectively) , representing 74.26-89.74 % and 60.10-89.13 % with an average of 82.37 % and 77.61 % of the total content, respectively. The low content of these two elements in the nonresidual fractions indicated that they were unlikely to pose a direct hazard or threaten the environment. Therefore, the relatively high content of the residual fraction for Cr and Zn might be beneficial from an environmental risk perspective. Table 1 listed the descriptive statistics (mean, min, and max) of the total content of heavy metals, together with their mean P i . Considering the Nansi Lake basin formation received sediments flushed from the Yellow River (Guo 1990; Shen et al. 2000) , geochemical data from sediments in the main stream of the Yellow River (Zhang et al. 1998 ) were employed to act as background values for Nansi Lake. Figure 3 showed the P i values of heavy metals, PLI values, and concentration of SiO 2 in all sampling sites.
The results indicated that Cd, As, Pb, Cr, and Zn with P i values of 2.78, 2.05, 1.80, 1.27, and 1.02, Fig. 3 a-e The pollution index (P i ), SiO 2 (%) concentration, and pollution load index (PLI) for heavy metals in the Nansi Lake sampling sites respectively, revealed a moderate pollution level for Cd and As and a low pollution level for Pb, Cr, and Zn. The lower lake had higher mean P i for heavy metals especially Cd, As, and Pb than the upper lake, which indicated the sediments of the lower lake were more heavily polluted. Figure 3a -c showed that the P i values of studied heavy metals in the upper lake sites were all below 2.0 except for As at sampling sites 9, 12, 13, and Cd at sampling sites 11, 12, 13, and 15. It is probably because sampling sites 9, 11, 12, 13, and 15 lie in the vicinity of the inflow areas of Guangfu, Xizhi, Dongyu, and Jiehe rivers, and the infusion of tributaries might bring many pollutants. Figure 3d showed that almost all PLI values calculated for sediments from the upper lake were above or close to 1.0, suggesting the surface sediments of the upper lake were moderately polluted by the heavy metals. Nevertheless, in the lower lake, the PLI values in surface sediments varied from 1.87 to 2.34 (mean= 2.06), indicating moderate to heavy pollution.
The SiO 2 content in surface sediments of Nansi Lake was also analyzed. The lower lake had lower SiO 2 content than the upper lake, although it fluctuated in Zhaoyang and Dushan sublakes (Fig. 3e) . SiO 2 is commonly considered the main component of coarse particles and heavy metals are likely to be absorbed by fine particles rather than by coarse particles (Salonen and Kirsti 2007; Wang and Cheng 2008) , so the content of SiO 2 is negatively related to the degree of enrichment of heavy metals in sediment. This idea is consistent with the pollution levels noted above for heavy metals.
Spatial distribution of non-residual fractions for heavy metals in surface sediments
The direct and potential hazards posed by heavy metals in surface sediments to the environment mostly depend on their non-residual fraction (Chen et al. 2008; Guevara-Riba et al. 2004) . Therefore, PCA was performed to determine factors governing the spatial distribution of non-residual fractions of different heavy metals. Table 2 showed results of PCA with Z-scale normalization for the heavy metal non-residual fractions in surface sediments of Nansi Lake. Two principal components (PCs) with eigenvalues higher than 1.0 were extracted, which explained 83.64 % of the variation in the data. The first principal component (PC1) explained 56.18 % of the total variance and loaded heavily on Cd (0.93), As (0.90), and Pb (0.93), which suggested anthropogenic inputs. The second principal component (PC2), dominated by Cr (0.88) and Zn (0.76), accounted for 27.46 % of the total variance and may be influenced by sediment parent materials.
The generated PC1 spatial distribution map of the non-residual fraction for heavy metals was obtained from the ArcGIS 9.3 with the Ordinary Kriging method (Fig. 4) . The PC1 score decreased from north to south. The highest score zones, which indicated direct and potential hazards to the aquatic environment, were observed mostly in the southern part of Weishan sublake. This also indicated great As. In addition, the lower lake suffered high levels of Cd pollution and moderate levels of As and Pb pollution, and the PLI also showed that the lower lake was moderately to heavily contaminated by the studied metals. Thus, the Cd, As, and Pb in surface sediments of the lower lake did great harm to the environment.
Conclusion
This study analyzed geochemical speciation of heavy metals including Cd, As, Pb, Cr, and Zn, assessed their pollution level, and determined the spatial distribution of non-residual fraction. Cd had the greatest F1 and F2 fractions among values of all studied heavy metals, and As and Pb were mainly in the F4, F5, and F6 fractions, while the dominant fractions of Cr and Zn were F7 (more than 75 % of the total content). The assessment results showed that the mean P i value in the lower lake was higher than the upper lake. The pollution indices (P i ) of Cd, As, Pb, Cr, and Zn (2.73, 2.05, 1.80, 1.27, and 1.02, respectively) revealed a moderate level of Cd and As pollution and a low level of Pb, Cr, and Zn pollution. The calculated PLI values suggested that surface sediments were moderately polluted in the upper lake and moderately to heavily polluted in the lower lake by the heavy metals. The PC1 score decreased from north to south. The highest score zones, which indicated great bioavailability and toxicity of Cd, As, and Pb, were observed mostly in the southern part of Weishan lake because of anthropogenic pollution.
